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CHAPTER 1- INTRODUCTION

The current D@ silicon tracker was built to withstand the 2 — 4 fb* of integrated luminosity
origindly projected for Run 2. Because of the tantalizing physics prospects a higher integrated
luminogty brings, the laboratory supports extended running of the Tevatron collider, cadled Run
2B, which would deiver a totd integrated luminosity of 15 fb™* over the course of the full Run
2. However, the higher integrated luminosity now scheduled for Run 2B will render the inner
layers of the present dlicon tracker inoperable due to radiation damage. Of particular
importance to being able to collect the data needed to exploit the physcs potentid of the
Tevatron is the completion of a replacement of the slicon detector in gpproximately three years
with minima Tevaron down time. The D@ collaboration carefully sudied two options for a
Run 2B dlicon tracker replacement: “partid replacement” and “full replacement.” In the patid
replacement option, the present tracker design is retained and the inner two slicon layers are
replaced with new radiation tolerant detectors. In the full replacement option, the entire Run 2A
dlicon tracker is replaced with a new device. An internd review of these two options identified
ggnificant risks with the partid replacement option. These include the risk of damage to the
components not being replaced, the long down-time required to retrofit the existing detector, an
inadequate supply of the SVX2 readout chips, difficuties in adequately cooling the inner layers,
and margind radiation hardness for the extended operation of Run 2B in the layers not being
replaced. Furthermore, it is nearly impossible to re-optimize the detector for the Run 2B physics
program with the partia replacement option. For these reasons, D@ decided to proceed with the
full replacement option for Run 2B and build a new dlicon tracker that is optimized for the
Higgs search and other high-pr physics processes.

The desgn dudies for the new dglicon detector were carried out within a set of boundary
conditions set by the Laboratory and derived from the physics gods for Run 2B. The firs
requirement imposed is that the detector be able to withstand an integrated luminosity of 15 fb™.
For 15 fbo', combining the data of both the CDF and D@ detectors, a 5s discovery of the
Standard Modd Higgs can be made for a Higgs mass of 115 GeV, a >3s dgnd is expected for
most of the mass range up to 175 GeV, and Higgs masses up to 180 GeV can be excluded if
there is no dgn of the Higgs. This result depends crucially on the &hility to efficiently tag bjets,
which drives the detector desgn towards placing the dglicon detectors a reativey smal
digances from the beam. Beng ale to collect this high an integrated luminogty with the
tracking device s0 close to the interaction point puts sringent requirements on the cooling for the
inner layers and has led to a naturd divison of the detector into two radid groups, an inner and
outer group. The laboratory has required that the shutdown for replacement of the current Slicon
detectors should occur in the year 2004 and should not exceed six months in duration. This
timeframe is st by the startup of the LHC collider at CERN. This gtringent timetable forces the
detector to be replaced in the D@ collison hdl. A rollout of the detector, out of the collison hdl
into the assembly hdl, replacing the dslicon detector, and rolling it back in is an operation
edimated to take a least nine months and would inevitable engender a larger effort. Ingtalation
of the new glicon detector in the collison hdl condrains the ingdlable package length to 527,
determined by the space avallable between the centrd and end caorimeters in the collison hal
which is only 39". The last requirement imposed by the Laboratory is that the project should be
completed within a tight budget. To reduce the cost and to keep to the schedule as much of the
present data acquistion sysem as possble will be retained. Even though there are significant
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boundary conditions, the new detector presented in this document is designed to have better
performance than the Run 2A detector and is expected to be completed within the dlocated time,
cdling for an ingalation in the summer of 2004.

This report describes the current conceptua design of the new dlicon detector for the DQ
experiment for Run 2B. Chapter 2 briefly summarizes the physics maotivation for an extended
run of the Tevatron. Chapter 3 gives an overview of the proposed D@ silicon detector design and
serves as an introduction to the next chapters. Chapter 4 discusses the slicon sensors, chapter 5
the mechanica aspects of the design, chapter 6 the readout eectronics. Chapter 7 describes the
production and testing, followed by chapter 8 which will describe the software needed for the
qudity assurance and testing of the devices. In chepter 9 an overview of the expected
performance based on smulations is presented and chapter 10 presents the cost ettimate. A
summary is given in chapter 11. The document includes an gppendix that describes the overdl
management dructure of the Run 2B Upgrade Project. At the time of writing this report, full
closure has not been reached on al aspects of the desgn. As such, particular features will
necessarily change if deemed to improve on the current design. Nevertheless we are confident
that this design forms a solid bass for proceeding to condruction of a detector capable of
meseting the Run 2B physics gods.
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CHAPTER 2- PHYSICSGOALS

Proton-antiproton collisons a Js=2 TeV have proved to be a very fruitful tool for deepening
our understanding of the standard model and for searching for physics beyond this framework.
D@ has published more than a hundred papers from Run 1, including the discovery and precison
measurements of te top quark, precise tests of eectroweak predictions, QCD tests with jets and
photons, and searches for supersymmetry and other postulated new particles.  With the addition
of a magnetic fidd, slicon and fiber trackers, and substantid upgrades to other parts of the
detector, D@ has started Run 2 with the goad of building on this broad program, teking advantage
of ggnificantly higher luminodties and adding new meesurements in b-physics.  The drengths
of the D@ detector are its liquid argon caorimetry, which provides outstanding measurements of
electrons, photons, jets and missng Er; its lage solid angle, multi-layer muon system and robust
muon triggers, and its date of the art tracking system using a dlicon detector surrounded by a
fiber tracker providing track triggers.

A series of physics workshops organized by Fermilab's Theory group together with the CDF and
D@ collaborations has mapped out the physics terrain of the Tevatron in some detail. It is clear
from the very large amount of work carried out in these meetings and described in the reports
thet integrated luminosities much higher than the 2fb™, which was the origind god of Run 2 add
sgnificantly to the program. While dl aress of physics benefit from increased datidtics, it is the
very red posshility of discovering the standard modd Higgs boson (or its supersymmetric
versons) and/or supersymmetric particles or other physics beyond the standard modd, that
forms the core motivation for the Laboratory's luminosity goa of 15 b* per detector. We have
therefore used the most promisng Higgs discovery channels as benchmark processes for the
dlicon detector upgrade, which is described in this Desgn Report, and have optimized the
detector configuration for them. All other high pr physics programs benefit from this detector
optimization, (though for the QCD and b-physics programs the benefits will be baanced by
decreased trigger efficiencies and geometric acceptance). In the following, we discuss physics
requirements on the tracking system imposed by Higgs searches and their implications for other

high pr physics programs.

2.1 Standard Model Higgs Boson Sear ches

The dominant Higgs production channd a the Tevairon is the gluon fuson reaction gg ® H.
Unfortunately, for Higgs masses below about 135 GeV, its dominant decay mode is to bb and is
swamped by QCD production of b-jets. The mogt promising Higgs search drategy in this mass
range is to focus on associated production of a Higgs with a W or Z boson,” pp ® WH and” pp
® ZH. The leptonic decays of the W and Z enable a much better signal to background to be
achieved, but one must pay the cost of a production cross section about one fifth that of inclusve
production together with the leptonic branching ratios of the vector bosons. This rdatively low
dgnd cross section times branching ratio motivates the need for high integrated luminogity.  In
turn, the need for high integrated luminogity forces the accelerator to operate in a mode where
each high pr event is likdy to be accompanied by a sgnificant number (<n>=6) of low pr
"minimum bias’ events occurring in the same pp bunch crossng.  This high occupancy
environment is one of the main challengesin tracker design for Run 2B.
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Figure 1 - Sandard Model Higgs decay branching ratios as a function of Higgs mass.

Figure 1 shows the decay modes of the Standard Mode Higgs in the mass range relevant to D@.
For Higgs masses below roughly 135 GeV, the Higgs decays dominantly to b-quark pairs, and
for masses above this (but less than the' tt threshold) the decay is dominantly to W and Z boson
pairs. Thus, searches for Higgs boson in the low mass region My < 135 GeV must assume H
® "bb decays. Searches for the lightet Higgs in supersymmetric modds must aso assume
decay to b-quark pairs.
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Figure 2 - Required luminosity as a function of Higgs mass for 95% C.L. exclusion, 3s evidence,
and 5s discovery.

Figure 2 shows the luminosity required to exclude or discover a Standard Mode Higgs at the
Tevatron. This result assumes the expected Run 2A performance of both the CDF and D@
detectors. For 15 b, a 5s discovery can be made for a Higgs mass of 115 GeV, a>3s sgnd is
expected for most of the mass range up to 175 GeV, and Higgs masses up to 180 GeV can be
excluded if thereisno sign of the Higgs.

As sated above, for Higgs bosons in the low mass range, the associated- production modes will
be used for searches. The find dates of interest are those where the W(Z) boson decays to
charged leptons or neutrinos, and at least two bflavored hadronic jets from the Higgs decay are
sdected. The dominant background arises from W(Z) bosons produced in association with jets
from initid date radiaion of gluons Even in the associated production channds, the intrinsc
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sgnd to background for vector boson plus two jets is prohibitivdy smal. However, the
magority of the W(Z)+ets background contains light quark or gluon jets, while the Higgs sgnd
is dmogt excdusvely bb. The ability to identify the b-jets from Higgs decay is the crucid firgt
gep in reducing the bosontjets background to a managesble level. The combination of b-jet
identification, reconstructed dijet mass, and additiond kinematic variables is used to improve the
ggnd to noise to achieve the sengtivity shown in Figure 2. This result depends on the ability to
identify b-jets with a least 50% efficiency and background contamination from light quark jets
a the 1% levd. Effective tagging of b-jets is one the most important physics objectives for the
tracker sysem. It is likely that two tagged jets will be required to reduce the background to
acceptable levels, so maximzing the tagging efficiency is most important.

The identification of b-jets can be done by exploiting ether the rdativey long lifetime of the b
flavored particles or by detecting leptons from semi-leptonic decay of b-quarks (or both). The
first technique dlows &l decays to be consdered, whereas the second method suffers reduced
datistica precison because of the ~30-40% decay branching ratio of b-quarks to fina dates
induding leptons.  The long lifetime of the b-quarks is reflected in a Bmeson decay that occurs
some digance from the primary beam interaction point. For b-flavored particles with energies
expected from Higgs decay, the mean decay length is 2 mm, and the mean impact parameter is
roughly 250 mm. Thus efficiently and cleanly identifying these decays requires a detector with
the ability to recongtruct tracks with an impact parameter resolution in the tens of microns. The
most feasible technology for thisis sllicon microstrip detectors.

One of the low-mass Higgs dgnaures is paticulaly noteworthy: Higgs production in
association with a Z boson, which decays into a neutrino-antineutrino pair, resulting in missng
energy and two bjets in the find date. One of the main strengths of the DJ detector is its good
missing energy identification; yet to keep trigger rates under control the present threshold on the
missng Er trigger is about 35 GeV. A search for the Higgs boson in the ZH channd can
ceatanly benefit from a lower trigger thresold. This can be achieved if information about
displaced tracks is used a the trigger levd. D@ plans to implement a Slicon Track Trigger ?
STT? inRun2A. TheRun 2B slicon detector will be compatible with the logic of thistrigger.

Searches for he Higgs boson in the higher mass region 135<My<200 GeV/c? assume directly-
produced Higgs decaying to WW* and ZZ*, where at least one of the vector bosons decays to
leptons.  Effective lepton identification, essentid for vector boson detection, is importat for
Higgs searches in both low and intermediate mass regions. The tracking sysem plays a crucid
role in eectron, muon and, arguably, tau lepton identification. Leptons from W and Z decays are
farly energdic, with pr>20 GeV/c. Thus, the effective recondruction of high pr tracks is
another important requirement to the tracking system.

Higgs production in association with tf has received a lot of attention recently’. Though low in
cross section, this channd provides a very rich sgnature with leptons, missng energy, and 4 b
jets in the find dtate. Bjets produced in this process have higher energy than those in processes
such as WH production.  Tracks in such jets tend to be more collimated, emphasizing the need
for robust pettern recognition in the high occupancy environment. Another chdlenge for this
channd is ambiguity in b-jet assgnment, which can be reduced if the charge of the bquark can
be tagged. Severa methods for b-charge tagging have been developed o far, eg. same sde
tagging, jet charge tagging. Having information about charge of tracks in the secondary and
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tertiary b-decay vertices could be invduable to improve purity of these tagging methods. This
puts additiona emphasis on precise impact parameter reconstruction.

It is important to note that Higgs searches at the Tevatron and a the LHC are complimentary to
esch other. While LHC experiments’ emphasize the gg ® H ® ggchannd, where Higgs is
produced and decays via loop diagrams, the Tevatron's emphasis is on tree-level production and
tree-levd decay. For a Standard Model Higgs the branching ratio to gg is very low, making it
impossible to observe this chand a the Tevaron. However, some modds predict a
“bosophilic’ Higgs, for which this decay mode is enhanced.  Thus, high-energy photon
identification is important for Higgs search beyond the Standard Modd.  Photon/eectron

separdion is essentid for high-purity photon identification.  For this purpose the tracking sysem
must ensure low fake track rate and a good momentum resolution.

2.2 SearchesFor PhysicsBeyond The Standard Model

Searches for SUSY and grong dynamics will benefit from the requirements imposed on the
tracking system by the Standard Model Higgs searches. SUSY extensions of the Standard Model
predict two Higgs doublets with five physcd Higgs bosons — two neutrd scaars, one neutrd
pseudoscalar and two charged bosons. The neutra bosons behave smilarly to the Standard
Modd Higgs but some cross sections might be enhanced, eg. bbA A® bbin a high
tanb scenario.  Efficent b-jet tagging and Db-charge identification is essentid for Higgs
discovery in these channds, which contain four bjets. The charged Higgs boson decays to bc or
t 'n, depending on tanb. Agan, good heavy flavor tagging and tracking (for tau-lepton
identification) are important. Studies have shown that the Tevatron can exclude amost the

whole plane of SUSY Higgs parameters (ma, tan b) a the 95% levd, if no sgnd is seen in 5 b’
! and can discover at least one SUSY Higgs a the 5 standard deviation level with 15-20 fb™t per
experimen.

13
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Figure 3 - Contours of 90% C.L. observation at Run 2A, 5s discovery, and 3s observation at Run
2Bfor pp ® SUSY particles ® 3 + X in the (myz,mp) plane for tanb=2, (a) m»0 and (b)
nx 0.

Direct searches for sgquark and gluino production, with jets and missng & sgnatures, have been
caried out a the Tevaron snce its inception. These Hill have an important role to play, but
once a few inverse femtobarns have been collected, the limits will have reached 400-500 GeV on
squark and gluino masses and further improvements will be limited because of the production
kinematics The greatest gains in going from 2 fb™* to 15 fb™ will likdy come in searches for
lower cross section processes. One of the most promisng ways to look for MSSM
Upersymmetry a the  Tevatron is  associged  chargino-neutrdino  production:
PP® CJC,;Cy® I ® 1'C). This results in a very diginct signature of three leptons
and missng energy*. Because of its low cross section this search will especialy benefit from the
increased datigtics in Run 2B.  The Tevatron's reach in this sSgnature is presented in Fgure 3.
Note, that Run 2B will not only extend the area of search, but will reach the high my region,
which was not accessble before. Good lepton identification is of great importance for this
channdl.

The supersymmetric partners of top and bottom quarks — stop and sbottom - are often predicted
to be lighter then other supersymmetric particles’. These particles will be produced strongly in
pp collisons and thus are likdly targets for supersymmetric searches. Decay products include b
jets, and searches will require b-tagging. The pseudorapidity didtribution of charged tracks
produced in decays of these supersymmetric paticles is very amilar to that of Higgs decay
products, as shown in Figure 4 for two didinctly different kinematic cases with very low energy
jets in the find date (b) and with very high energy jets (). In both cases the bjets fdl within the
acceptance of the silicon tracker.

Gauge-mediated supersymmetric models predict signatures rich in photons®.  Interest in these
models was sparked by the CDF observation of an €'e'gdf, event’. Though no other events
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have been found, photonic sgnatures are worth invedigating in Run 2B. The phenomenology of
extra dimensions also predicts signatures rich in photons®.
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Figure 4 - Pseudorapidity distribution of charged tracksin
a) WH events (M(H)=120GeV/c?);
b) light supersymmetric top decaying to charm and heavy neutralino

(M (t) =80GeV /c?; M (€?) = 60GeV /c?) ;
¢) heavy supersymmetric top decaying to charm and light neutralino
(M (t) =130GeV / ¢ M (€7) =30GeV /c?).

Alterndtives to SUSY ae drong dynamics models, for example technicolor or topcolor.
Technicolor models predict the exisence of technibosons decaying to heavy flavor and gauge
bosons®, eg. pp® Wp,,p; ® bb. Such searches give vector boson plus heavy-flavor-jets
ggnatures, just like the Higgs search, and will benefit from the detector optimizations motivated
by Higgs signaiures. More recent topcolor models'® emphasize non-standard behavior of the top
quark and thus could be detected indirectly with thorough studies of top quark properties, or
directly through observation of anomdous tb production or production of non-standard Higgs-
like bosons decaying to heavy flavor jets.

2.3 Standard Model Physics

These searches for new particles will be complemented by precison measurements of the quanta
of the sandard modd, which provide indirect congtraints on new physics, and which will provide
the detailed understanding of backgrounds that discoveries will require.

The Tevatron is entering a new era for top quark physics. Greetly increased datistics will be
combined, in DG, with much improved sgnd sample purity made possble by slicon vertex b-
tagging. We anticipate dgnificant improvements in the precison of the top quak mass
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measurement, which should reech a level of ~2 GeV with 2 fb™t. The additiona statistics of Run
2B should dlow this to be pushed down to ~1 GeV. Single top production (through the
electroweak coupling of the top) has never been observed. Measurement of the cross section
would dlow the CKM mairix dement |Vy| to be extracted. With 2fb™ the cross section can
likely be measured a the 20% levd, dlowing |Vip| to be extracted with a precison of 12%. With
15fb™ this uncertainty could be roughly haved. The signatures for top par and single top
production involve vector bosons and heavy flavor jets, just like the SM Higgs. They must be
understood in detail for the Higgs search and they will benefit from the detector upgrade.

Precison measurements of the properties of the weak boson will continue to be an important part
of the Tevatron program. The W-mass precision should reach 30 MeV per experiment with 2fb™
and 15-20 MeV may be achievable with 15 fb™* (theoreticd uncertainties are a big unknown in
this extrapolation). A W-mass messurement dmy = 20 MeV combined with a top mass
measurement dm = 2 GeV will be sufficient to condrain the Higgs mass between roughly 0.7
and 1.5 times its central vaue. For a 100 GeV best fit, the upper limit of 150 GeV would be wdll
within the Tevairon's region of sengtivity. Such a comparison between direct and indirect Higgs
mass measurements would be very interesting whether or not aHiggs signd is seen.

Teds of QCD are important at the Tevatron, both as "engineering” measurements and as probes
of drong interaction physcs. In the former category, measurements of jet production have
reeched new levels of precison in Run 1 and are forcing a dgnificant overhaul of the parton
digribution functions used in hadron colliders, because the errors on these pdf's must henceforth
be trested rigoroudy. Tevatron jet data from Run 2 will likey provide drong congraints on
pdf's and will be an important input to the globd fits. In the latter category, many QCD
processes have rdaively low cross sections and will benefit greatly from increased datasets
avalable in Run 2. Examples are jet production a high-x (jet & above about 400 GeV) where
the behavior of the cross section is gill somewhat uncertain; vector boson plus jet processes,
which may be used to determine the strong coupling congtant; and diphoton production, which is
an important background to Higgs searches a the LHC. In Run 1, D@ accumulated about 200 gg
candidates.  This will increase to 4000 with 2 fb™, which is ill not a huge number, and to
30,000 with 15fb tof integrated luminosity.

While the D@ detector is not strongly optimized for bphysics, it possesses a number of features
that dlow it to make ggnificant contributions in this aea  As one example, the low-pr muon
triggering and Jy ® ee triggers will dlow a competitive measurement of sn ' inB ® Jy Ks
events. With 2fb™, sin 2 could be determined to + 0.07; 15fb™ would reduce this uncertainty by
amost a factor of three. Of course, the bphysics program will have to operate within a trigger
menu thet is congtrained by the need to cover the high pr physics priorities of the experiment.

2.4 Summary Of Physics Objectives

The Run 2B D@ dlicon tracker is optimized for Higgs boson observation in the
110<Mp<180GeV/c®> mass region. A low-mass Higgs boson decays predominantly to bb , and
thus effident b-tagging is of paramount importance to Higgs boson searches. Higgs channds
will dso benefit from the lower trigger thresholds that are achievable from the Slicon Track
Trigger.  Lepton identification, crucid for the intermediate Higgs mass region, emphasizes
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effident tracking of high pr tracks in a high occupancy environment and the excellent muon
system and the eectromagnetic caorimeter of the D@ detector. Htt production puts additiond,
more gringent, congtraints on efficient tracking and secondary and tertiary vertex reconstruction.

It is clear that the entire D@ physcs menu of searches, top quark physics eectroweak
measurements, QCD, and even b-physics, will benefit from Run 2B. The upgraded tracker will
ensure efficient tracking in a high occupancy environment and reduced trigger thresholds for al
physics, and efficient heavy flavor tagging for states with b and c-quark jets.

1 http://fnth37.fnal.gov/run2html

2 ) Goldstein et al. “ pp ® ttH : adiscovery mode for Higgs boson at the Tevatron”, hep-ph/0006311, submitted
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3 M. Carena, S. Mrenna, C. Wagner, “Complementarity of the CERN LEP collider, the Fermilab Tevatron, and the
CERN LHC in the search for alight MSSM Higgs boson” Phys Rev. D62, 055008 (2000).

V. Barger et al.,hep-ph/0003154

° R. Demina, J. Lykken, K. Matchev, A. Nomerotski, “ Stop and Sbottom searches in Runll of the Fermilab
Tevatron”, Phys.Rev.D62, 035011 (2000).
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CHAPTER 3- SILICON DETECTOR DESIGN

3.1 Introduction

The slicon detector project s introduced in this chapter. The design is based on an optimization
of the physics performance of the detector while a the same time satisfying various boundary
conditions, both extena and interna. The externd boundary conditions come from the
anticipated accdlerator performance in Run 2B. Interfacing the new detector within the existing
framework, notably the trigger framework, sets internd condraints. Moreover, building on our
experience condructing the Run 2A dlicon detector, fabrication and assembly methods proposed
for the new dlicon detector were reevaluated and the strategy adopted for Run 2B should result
in a much more efficient condruction cycle. The new detector, for example, will employ only
dngle-sded, modern dlicon technology. The remainder of this chapter will describe the basic
design features of the proposed silicon detector.

3.2 Design Constraints

3.2.1 Tevatron parameters

In Run 2B the running parameters of the Tevatron will change. The accderator will run with a
bunch crossng of 132 ns with a beam crossing angle. The hdf crossng angle will be 136
nradian in each plane. This dfects the length of the luminous region. The Beams Divison has
determined the luminogity acceptance for various running conditions as a function of the fiducd
length of the tracker. Luminosty acceptance is defined as the fraction of protonantiproton
callisons that fdls within a fiducid length centered around the interaction point. Figure 5 shows
the results of the studies for 140 x 103 stores optimized for anti-proton stacking rates of 40 x
10%hr, and 60 x 10%%/hr, with initid longjitudind emittances of 2 eV-sec and 3 eV-sec. Initid
transverse emittances of 20 and 15 p-mmr-mrad for protons and antiprotons have heen assumed,
regpectively. The caculations include the variaion of the length of the luminous region over the
course of agtore. The curves are normalized to full acceptance at afiducia length of 200mm.

The luminosity acceptance shows a digtinct plateau. The length of the detector is chosen to be on
the plateau with an adequate margin with regard to the exact location of the interaction point. In
the current design the inner layers have afiducid length of 96 cm.
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Figure 5 The luminosity acceptance shows a distinct plateau. The length of the detector is chosen
to be on the plateau with an adequate margin with regard to the exact location of the interaction
point.

3.2.2 Radiation environment

The collaboration embarked on radiation studies of dlicon sensors for both the present and
proposed Run 2B detector to determine the timescae within which the present detector would
become inoperable and to determine the operating parameters for the new detector. The leakage
currents and depletion voltages were measured using 8 GeV protons from the booster facility at
Fermilab up to a dose of 15 Mrad. The measurements agree with others made outsde of D@ and
will be described in the next chapter. Based on these measurements, and parameters obtained by
other experiments, smulation studies were caried out of the leskage current, depletion voltage,
and equivaent noise to determine the slicon operating temperature and to ensure that the device
can withstand the foreseen accumulated dose. The design operating temperature of the inner
layer was chosen to be —10 degrees Cedsus. We dso determined that a minimum radius of about
18 mm for the innermogt layer of slicon will dlow for an adequate safety margin for running the
detector to integrated luminosities of 15 fbt.

3.2.3 Silicon track trigger

The Run 2A dlicon detector employs a Slicon Track Trigger (STT) that processes data from the
Level 1 Centrd Track Trigger (CTT) and the slicon tracker. It associaes hits in the slicon with
tracks found by the Levd 1 CTT. These hits are then fit together with the Level 1 CTT
information, thus improving the resolution in momentum and impact parameter, and the rgection
of faketracks. The STT has three types of €ectronics modules:
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The Fiber Road Card (FRC), which receives the data from CTT and fans them out to the
other modules.

The Silicon Trigger Card (STC), which receives the raw data from the dlicon tracker
front end. It processes the data to find clusters of hit strips that are associated with the
tracks found by the CTT. Each card accepts input from at most eight readout hybrids.

The Track Fit Card (TFC), which fits a trgectory to the CTT tracks and the silicon
clusters associated with it. These results are relayed to the Level 2 Centrd Track Trigger.
Each card can accept at most eight STC inputs.

The trigger observes a 6fold f -symmetry. The STT modules are located in 6 VME crates, each
saving two 30-degree azimuthal sectors.  Currently each of these crates holds one FRC, nine
STCs, and two TFCs - one per 30-degree sector. Each crate can hold a most 12 STCs, with a
possibility to go to 16 STC cards with a redesigned backplane. It is these congraints, combined
with the 6-fold symmetry tha has to be observed, which severdy limits the parameter space for
the geometry of the silicon tracker.

The data from the glicon tracker must be channded into the TFC cards such that dl hits from a
track are contained in one TFC. In layers O, 1, and 2 overlaps between adjacent sensors are large
enough so that each sensor can be uniquely associated with one TFC. This divides the detector
into 12 azimuthal sectors. To maintain full acceptance for tracks with p->1.5 GeV/c and impact
parameter < 2 mm, the data from some sensors in layers 3, 4, and 5 must be channded into two
TFCs, which are in some cases located in different crates. These congdraints have resulted in a
geometry with 12-fold symmetry for layers O through 2, and an 18-, 24- and 30-fold geometry
for layers 3, 4 and 5, respectively.

3.24 Cable plant

The totad number of readout modules in the new system is congrained by the currently available
cable plant, which dlows for about 940 cables. The present Run 2A detector has 912 readout
modules. The cable plant is limited due to space condraints. There amply is not enough space
between the centra and end cdorimeters to route more cables. Only replacing the full cable
plant would dlow an increase in the number of cables, but this is cost prohibitive. Given that the
new detector has more slicon sensors, this implies that not every sensor can be read out and that
an adequate ganging scheme will have to be implemented. An degant solution using double-
ended hybrids has been found which is described in the next section.

3.3 Baseline Design Overview

The proposed silicon detector has a 6 layer geometry arranged in a barrel design. The detector
will be built in two independent haf-modules joined at z=0. The sx layers, numbered O through
5, are divided in two radid groups. The inner group, condgting of layers 0 and 1, will have axid
reedout only. Driven by the dringent condraints on cooling, these layers will be grouped into
one mechanicd unit cdled the inner bard. These layers have a sSgnificantly reduced radius
relaive to the current tracker. Given the tight space congraints, emphasis has been placed on
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improving the impact parameter resolution.  The outer group is comprised of layers 2 through 5.

Each outer layer will have axid and stereo readout. The outer layers are also important for
providing dand-alone slicon tracking with acceptable momentum resolution in the region 1.7 <
|h| < 2.0 where D@ has good muon and eectron coverage but lacks coverage in the fiber tracker.

The outer layers are assembled in a mechanica unit called the outer barrd. The inner barrd is
insrted into the outer bard forming a hdf-module A hdf-module is the basc unit that is
ingdled in the collison hal. While dl 6 layers are designed to withstand 15 fb™* of integrated
luminogty with adequate margin, separding the inner layers into a separate radia group
provides a path for possble replacement of these layers. The outer layers should essly
withstand luminosities up to ~25 fb™l. The inner two layers with axid readout will provide an
adequate impact parameter resolution for tagging of bjets. Two layers as close to the interaction
point as possible are preferred to efficiently tag bjets. The remaining space can accommodate a
most four axid-stereo layers, which is adequate to do the pattern recognition. Hence our design
cdlsfor six layers.

Of paramount importance to the successful congtruction of the new detector in the less than 3
years avalable, is a Smple modular design with aminimum number of part types This is one of
the reasons that single-sided silicon sensors are used throughout the detector. Only three types of
sensors are foreseen: highly radiation tolerant sensors for layers O and 1, with two sizes to best fit
the geometrical condraints, and a sngle sensor size for the four outer layers. All of the sensors
are envisoned to have axia traces with intermediate dtrips. The stereo readout in the outer
layers will be accomplished by tilting the sensor dightly with respect to the beam axis.

Figure 6 shows an axid view of the Run 2B dlicon tracker. The emphasis is on obtaining
improved impact parameter resolution in the R-f plane while mantaining good pattern
recognition. The inner two layers have 12-fold crendlated geometry and will be mounted on a
carbon fiber lined, carbon foam support sructure.  Figure 7 shows an axid view of these two
inner layers. Layer O will have its innermost sensor located at a radius of about 18.6 mm. These
sensors will be two-chip wide, 784mm long with 50 micron readout pitch and intermediate
drips.  The pitch is chosen to obtan the best impact parameter resolution possble using
conventiond technology. Given the dze of the luminous region, 6 sensors in z make up one
haf-module.

Because of the lack of space avalable and the cooling requirements for the innermost layer, no
reedout dectronics will be mounted on the sensors, i.e the layer will have ‘off-board’
eectronics.  Andog cables will be wirebonded to the sensors, carrying the analog sgnds to a
hybrid where the sgnas will be digitized and sent to the data acquistion sysem. Keeping the
hybrid mass out of the detector active region dso helps in reducing photon conversons. Present
CDF experience with noise issues from these cables are a concern but given the requirement that
the inner layer has to survive 15 fb, there is no dternative to off-board readout electronics. A
mgor chalenge in building the mechanica dructure for this layer is ensuring thet it provides the
cooling capability needed to maintain the glicon a a temperature of —10 degrees C while fitting
in dl the components necessary and keegping mass to a minimum <o that the impact parameter
resolution is not degraded. The depletion voltages a the end of the run are expected to be
around 600V for the innermogst layer. The bias sysem for the inner layers will be desgned to
deliver voltages up to 1000V.
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Layer 1 will contain 3-chip wide sensors that are 78.4mm long with 58 micron readout pitch,
with intermediate strips.  The geometry matches the segmentation of Layer 0. Because Layer 1
will dso sustain subsantid radiation doses, the cooling and bias voltage supply requirements
will be the same as for Layer 0. Although the heat load from putting hybrids directly on the
sensors is greatly increased (0.5 Watts per readout chip), noise and production congderations
have |led to on-board dectronics for dl layers except Layer O.

Figure 6 - Axial view of the proposed tracker upgrade. The outer four layers provide both axial
and stereo track measurements, while the inner two layers only provide axial track measurements.

In Layers 2-5 only one type of sensor will be used. The sensors will be 5 chips wide, 200mm
long with 60 micron readout pitch and intermediate strips.  This pitch dlows for direct bonding
between SVX chips and the sensors and retaining the fine resolution in Layer 5 dgnificantly
improves pattern recognition. These layers employ giff dave support sructures. A gave will
have carbon fiber sheats mounted on an inner core that will carry the cooling lines.  Silicon will
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be mounted on the carbon fiber sheets; on one side there will be axid readout and on the other
sndl-angle steren.  The stereo angle will be obtained by rotaing the sensors. The design dlows
for a maximum depletion voltage of 300V for these outer layers. Recall that the detector is built
in two halves, anorth and a south; each stave will thus cover ahdf-lengthin z.
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Figure 7- Axial view of Layers 0 and 1 within the sensor activeregion. Thesilicon sensorsare
mounted on a carbon-fiber lined, carbon foam structure with inboard cooling tubes and then are
readout using analog low mass cables which connect to hybrids outside of the active region.

The longitudind ssgmentation is driven by the need to match h coverage throughout the detector
upto h=2. For Layer 1 sx sensors, each 78.4mm long, form one haf length n z, matching the
coverage for LO which is in the same mechanicd dtructure. For Layers 2 and 3 five sensors, each
100mm long, will form a save. Staves condst of dx 100mm long sensors for Layers 4 and 5.
Figure 8 shows a plan view of the tracker ingde the fiber tracker.
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Figure 8 - Plan view of the Run 2B silicon tracker inside of the fiber tracker.

The totad number of readout modules in the new system is congrained by the currently available
cable plant, which alows for about 940 read outs. The present Run 2A detector has 912 readout
modules. This implies that not every one of the 2184 sensors in the detector can be read out
separately. By studying deadtime it was determined that for Layers 2 and higher we are able to
read out a tota of 10 chips. This dlows us to use a double-ended hybrid design that reduces the
hybrid readout count by a factor of two. A double-ended hybrid services two readout segments
a once. Since the sensors are 5-chip wide for the outer layers, the double-ended hybrids will
reedout 10 chips a atime. The digitd sgnds are caried out of the tracking volume usng a
digitd cable that connects to the hybrid. Layer 1 dso employs the double-ended hybrid concept.
Since sensors are 3-chip wide in Layer 1, ahybrid will read out 6 chips at atime.

Usng double-ended hybrids we've reduced the hybrid count sgnificantly, but not enough to
satisfy our cable number condraint. Occupancy sudies and confused hit probabilities then
determine how best to longitudindly combine (gang) sensors to form a reedout segment in z
These are described in D@ Note 3911 . For the inner two layers every sensor is read out
separately.  For Layers 2 and 3, there are 5 sensors per haf-module in z. The two sensors closest
to z=0, where the occupancy is highest, are read out individuadly with one double-ended hybrid.
The remaining 3 sensors are connected to another double-ended hybrid. The two sensors at the
largest z are wirebonded together and are read out as one unit; the sensor closest to z=0 is read
out individudly. For Layers 4 and 5 we have a totd of 6 sensors per hdf module in z. Here the
two innermost sensors are read out individudly as in Layers 2 and 3. The outermost 4 sensors
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are ganged together such that each of 2 sensors is wirebonded together to make one readout unit.
This arangement is depicted in Fgure 9. Each dave thus has four hybrids, with each hybrid
servicing two readout segments, two for the axia readout and two for the stereo readout. The
modules are indicated by the length (in cm) of the two readout segments. A hybrid with 10 cm
sensors on each Sde of the hybrid is caled a 10/10 module.  Smilarly there are 10/20 modules
and 20/20 modules. Figure 10 shows the longitudind segmentation for dl layes An ‘'S
indicates single sensor readout, and ‘1/2D’ indicates a readout segment serviced by one sde of a
double-ended hybrid. The colors guide the eye to indicate ganged sensors,

—
3

Figure 9 - Readout configuration for outer layer staves. The upper configurationisfor layers4
and 5 and the lower isfor layers2 and 3. Axial readout configuration is shown.

80 120 160 200 240 280 320 360 400 440 480 520 560
Layer O S S S S S S
Layer 1 1/2DJ1/2D 1/20) 1/2D 1/2D|1/2D

Layer 2 1/2D| 1/2D

Layer 3 1/2D| 1/2D

1/2D| 1/2D
1/2D| 1/2D

Layer 4 1/2D| 1/2D 1/2D)1/2D

Layer5 1/2D| 1/2D 1/2D|1/2D

Figure 10 - - shows the longitudinal segmentation of the detector. Herethetoprowisaruler
showing the length in mmfor each of the layersin the detector.

For the stereo sde of the stave we have chosen to use the maximum stereo angle possible given
the mechanical condraints. This dlows us to obtain the best rz resolution possible.  Studies of
confused hits, ghost tracks, and occupancy indicate that it is best for the pattern recognition to
have the traces of ganged sensors line up, S0 as to make one long 20 cm trace. For the 10 cm
ddes of modules the maximum stereo angle is 25 degrees while for the 20 cm ddes the
maximum stereo angle is 1.25 degrees.  We then end up with 6 types of modules for the outer
layers: 10/10 Axid and Stereo, 10/20 Axid and Stereo, and 20/20 Axid and Stereo.

The decison was made in November 2000 to read out the new dlicon system using the SV X4
chip. Both CDF and D@ will use this chip. This chip is based on the SV X3 chip, but will be
produced in 0.25 micron technology. This chip is intringcaly radiation hard and is expected to
be able to withstand the radiation doses incurred in the innermost layers. In order not to have to
redesign the entire D@ data acquidtion and trigger system, the SV X4 chip will be read out in
SVX2 mode. The SV X2 chip is the readout chip for the Run 2A detector and incurs deadtime on
every readout cycle unlike the SV X3 chip that can run in a deadtimeless mode. As the readout
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chip is a joint project with both CDF and D@, there is a premium on employing the same hybrid
technology so that the design work can be shared. We plan to use ceramic hybrids using
beryllia.  No pitch adapters will be needed in the D@ design so that the SV X4 chips will be
wirebonded directly to the silicon sensorsfor layers 1-5.

The digitd sgnds will be launched onto a jumper cable from the hybrid through an AVX
connector. These flex cables will run on top of the stave to a junction card located a the end of

the active region on a bulkhead. There will be one junction card per ave. That is, each junction
cad will sarvice four hybrids, the two hybrids from the axid readout and the two hybrids from
the stereo readout. The junction card is a passve dement and smply carries the sgnas from the
digitd cable to a twisted-pair cable. The twisted-pair cables run to the adapter cards that are
mounted on the face of the cadorimeter. The adapter card will interface to the exiging data
acquisition sysem. The adapter card has two new functions in Run 2B. Firg, it will convert 5V
lines to 2.5V, necessary for operaing the SV X4 chip. The current data acquisition system uses
the SVX2 chip, in which the lines are single-ended. The SV X4 chip will be run differentidly at
25V. The adapter cards will convert the sngle-ended lines to double-ended lines. From the
adapter card downdiream, it is anticipated that we can retain the full data acquisition system as is.

Some modifications will be needed for the interface boards that pass the voltages to the detector
to dlow for higher voltages for the biases for the inner layers, but no mgor modifications are
foreseen.

The design parameters are summarized in Table 1. There are a totd of 2184 dlicon sensors in
this design, read out with 88 hybrids containing 7440 SV X4 chips. In layers 25 there will be a
tota of 168 daves, containing 336 readout modules. For comparison, the Run 2A dlicon
detector has 793K readout channels while the Run 2B one will have 952K readout channels. The
Run 2B dglicon detector is desgned to dlow for faster congruction due to fewer and smpler
pats than the Run 2A devicee Comparisons between the detectors show that the mgor
difference between the two detectors is found at the inner and outer radii. Fgure 11 shows axid
views of both detectors drawn to scde. By decreasing the radius of the innermost layer from
25.7 mm to 18.6 mm, the impact parameter resolution is cut by a factor of 1.5. Because we are
removing the Fdisks and te entire cable plant from the Run 2A barrd modules, we are able to
utilize this space at larger radii for dlicon sensors.  The increase from 94.3mm to 163.6mm for
the outer radius dlows us to put in two more layers of tracking necessary for the pattern
recognition in the Run 2B environment. With the new detector we will have better stand-done
dlicon tracking. A number of factors affect the tracker performance, and consequently the
physcs performance, of the detector. Among these factors are tracker acceptance, amount of
materid, resolution, and pattern recognition capabilitiess. We have optimized our desgn to the
extent possible to obtain a detector that is superior to the Run 2A detector and that will adlow us
to be well placed for the possibility of discovering new physics.
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Table 1 - Design Parameters. There are atotal of 2184 sensors and 888 hybridsin thisdesign.

# Sensors # Sensors Sensor Readout #Readout # Chips per # Hybrids
inz Total Width Pitch inz Readout  Total Chips Total
R(mm) R (mm)
Layer Nphi Axial Stereo (mm) (mm)
0A 12 18.55 -- 12 72 15.50 50 12 2 144 72
oB 12 24.80 -- 12 72 15.50 50 12 2 144 72
1A 12 34.80 - 12 72 24.97 58 12 3 216 36
1B 12 39.00 -- 12 72 24.97 58 12 3 216 36
2A 12 53.23 56.33 10 120 41.10 60 8 5 480 48
2B 12 68.93 72.03 10 120 41.10 60 8 5 480 48
3A 18 89.31 86.22 10 180 41.10 60 8 5 720 72
3B 18 103.38 100.28 10 180 41.10 60 8 5 720 72
4A 24 116.91 120.00 12 288 41.10 60 8 5 960 96
4B 24 130.58 133.67 12 288 41.10 60 8 5 960 96
5A 30 150.08 146.99 12 360 41.10 60 8 5 1200 120
5B 30 163.59 160.49 12 360 41.10 60 8 5 1200 120
Total 2184 7440 888

T 1524 24 ey
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Figure 11 - Comparison of the axial views of the Run 2A and Run 2B silicon detectors. The left
picture shows the Run 2A detector whose innermost layer resides at a radius of 25.7mm. The
innermost layer of the Run 2B detector resides at a radius of 18.5 mm.

! bz Note 3911, "MCFAST Studies of the Run2b Silicon Tracker", R. Lipton and L. Stutte, October 4, 2001.
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CHAPTER 4 - SILICON SENSORS

4.1 Introduction

The man requirements for the dlicon detector is efficient and reliable tracking, precise vertex
measurement, and radiation hardness. As described above, this is achieved with a 6 layer device.
The four outer layers are constructed of 60 mm pitch slicon sensors and provide hits essentid  for
pattern recognition in a high-occupancy environment.  In addition, two inner layers 0/1,
congtructed with 50/58 mm pitch slicon sensors with intermediate drips a 25/29 mm, provide
precise coordinate messurement essential for good secondary vertex separation. Rdiable
operdtion of dlicon sensors in a high-radiation environment is criticad to the experiment's
success.  Over the operating period, the inner layers of the Run 2B dlicon detector will be
subject to a fluence of about 2 x 10'* equivdlent 1 MeV neutrons per cnt. We were guided in
our design and technology choice by our experience in Run 2A detector congruction as well as
by recent research and development in the radiation hard technology.

41.1 L essons from Run 2A

Severd difficulties were encountered by D@ during the Run 2A slicon detector prototyping and
condruction. The ganed Run 2A experiences and important conclusons ae liged in the
following:

Sophigticated double-sided slicon sensors were difficult to produce and lead to lower
yidd and hence dggnificant ddays. Single-sded sensors however, which have been
produced both by Elma for the Hdisks and Micron for the & and 3¢ layers of barrels 1
and 6 for the Run 2A detector, had higher yieds and caused much less trouble due to
their smplicty.

The introduction of an dternative vendor a the later stages helped to speed up
production.

The large number of sensor types complicated the production process.
Double-sided sensors proved to be very difficult to handle,

Radiation studies have shown that double-sided (and especidly 90° double-metal) slicon
sensors have limited radiation hardness (more detalls in “Radiation testing”)

Detalled pattern recognition sudies have shown that in high occupancy environment,
“ghost” hits produced in 90° sensors lead to a sgnificant fraction of fake tracks and
increased recongtruction time.

For Run 2B silicon sensors, we adopted the following guiddines:

Use only sngle sided silicon sensors.
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Try to identify aternative vendors whenever possible.
Limit the number of sensor typesto 3.
Use only small stereo angles, achieved by sensor rotation.

Avoid double metdization.

In our choice of radiation hard technology we have benefited greatly from radiation hard dlicon
R& D gudies mativated primarily by the needs of LHC experiments.

4.1.2 Radiation damagein silicon

The mog important damage mechaniam in dlicon is the bulk damage due to the non-ionizing
pat of the energy loss, which leads to a displacement of the dlicon aoms in ther lattice. It
causes changes in doping concentration (and, eventudly, dlicon type inverson), increased
leskage current, and decreased charge collection efficiency. Surface damage due to ionizing
radiation results in charge trapping a the surface interfaces and leads to increased interstrip
capacitance and, therefore, eectronics noise.

The increase in bulk leakage currents after radiation exposure is caused by additiond generation
of dectron-hole pairs. For the operation of detectors the control of leakage current is important
in two aspects, one is the resulting higher shot noise, the other is the increased bulk hest
production in dlicon which may lead to a theemd runaway if the dlicon detector is not properly
cooled. The bias leskage current increase is directly proportiond to the active strip volume of
the slicon detector and to the particle fluence the detector is exposed to. It neither depends on
the chosen dglicon materid or technology, nor on the exact manufacturing of the detector.
However, the currents scale down condderably with the temperature. Cooling the detectors to

0° C typicaly reduces the leakage current to 1/6 of its value at room temperature.

The change in the effective doping concentration measured as a function of the particle fluence
for ntype sarting materiad shows a decrease until the donor concentration equals the acceptor
concentration or until the depletion voltage is Amos zero, indicating intrindc materid. Towards
higher fluences the effective concentration dtarts to increase again and shows a linear rise of
acceptor-like defects. Many experimentd groups have confirmed this phenomenon of changing
from ntype to p-type like materia and usualy the detector is said to have undergone a type-
inverson from ntype to p-type. The radiation-induced changes of the doping concentration are
initidly not dable and exhibit two man components with different time behaviors and
temperature dependences.  With time congants in the range of a few days a decrease in the
radiation induced changes occurs soon dfter irradiation.  This effect is caled short-term
anneding or beneficid anneding, because it mitigates the acceptor creation and hence the type
inverson process. However, a room temperature an increase in the acceptor states appears after
about two weeks of annedling leading to even higher depletion voltages. This long term or
reverse anneding is a mgor concern because of its limiting factor for long-term operation of
dlicon deectors in high fluence regionrs. Reverse aneding can be admost completey
suppressed by cooling the detector to —5°C or less and by minimizing the maintenance periods of
the silicon detectors at room temperature.
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The third effect is the reduced charge collection efficiency. The primary mechanism leading to a
decrease in the collection of dectrons or holes is charge trapping at defect gStes, i.e. a decrease of
the carier lifetime with increesng fluence. In addition surface damage in the slicon oxide due
to ionizing radiaion results in the creation of fixed postive charge a the surface boundary
between dlicon and dlicon oxide. This leads to increased interstrip capacitances and, therefore,
higher dectronic noise.

Serioudy damaged detectors will require high bias voltages to operate efficiently.  The
deteriorated charge collection can be efficiently recovered by applying a bias exceeding the
depletion voltage.  This overbiasng aso reduces to normd vaues the increased interstrip
capacitance due to the surface charge accumulaion. So the high voltage operation is crucid for
radigtion hard dlicon and a the end the breskdown voltage of the device will determine the
limits of survivahility.

4.1.3 Radiation hard designs

The CMS collaboration designed single-sided 300 mm thick n-type sensors, which were reliably
working after heavy irradiation a bias voltages up to 500 V!. The main fedures of the design
are p+ srips in nbulk slicon, which are biased with polyslicon resstors and are AC coupled to
the readout eectronics The front Sde of the detector (with p+ srips) has a periphera n+
implantation (n-well) a the edge and is followed by a p+ single guard ring dructure to prevent
junction breskdowns.  This guard ring design has been optimized in cooperation with
Hamamasu and is dso successfully implemented with other producers. It is proven to be
radigion hard and CDF is using this type of sensors for the LOO of SVX in Run 2A. Other
radiation hard designs reduce the risk of an early breskdown at the edges of the dlicon by
induding a multi- guard ring structure?.

We note here that in the case of AC-coupled double-sided sensors (as presently used by CDF and
D@ in Run 2A) the high bias voltage is applied across the coupling capacitor on one of the sdes
(unless the eectronics is floating a the same potentid). Together with consderably higher codts
related to the double-sded wafer processng, the requirement that AC capacitors hold off the
bias voltage is a srong limitation for the double-sided detectors and we are not consdering using
them for the upgrade.

One of the main methods for improving the radiation hardness is the use of low-resdivity Slicon
& an initid detector materia®. Low bulk resigtivity of slicon corresponds to high depletion
voltage of the devicee For example, a 300-micron thick detector with bulk resigtivity of
r »1.0kW:cm depletes a V,,, »300V. High initid depletion voltage vaues shift the type-
inverson point to higher fluences which limits the depletion voltage growth after the type
inversion, thus improving the radiation hardness of the sensor.

A new technologica development driven by the R&D work of the ROSE collaboratior uses
oxygenated dlicon materids to improve the radiation hardness of dlicon detectors.  Oxygen

concentrations ([O.] » 107 cm™®) in dlicon improve considerably the radiation hardness of the

detector for charged particle fluence and effectively lower the needed bias voltage for radiaion
damaged detectors. No improvement was observed for damage caused by neutrons. The
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charged particle component is expected to dominate (for example a CMS only 1/10™" of the
damage is accounted for by neutrons). There are indications dso that the reverse anneding
saturates a high fluences for oxygen enriched slicon.

High oxygen concentrations reduce the donor (n-impurity) removad rate dgnificantly and can
mitigate the acceptor (p-impurity) creation. The smples way to enrich glicon materid with
oxygen is a diffuson process in the ~1200°C oxygen amosphere of a quartz oven. This
technology is easy and economic and has been successfully transferred to a number of slicon
detector vendors.

Findly there is an dternaive to use n+ drips on n type slicon. It has been shown that they offer
a better collection efficiency a under-depleted voltages and, therefore, would improve the
performance after irradiation. However, the detectors technologicaly are more complicated and
require further R&D efforts.  Since for rin sensors certain techniques like pstop or pspray are
necessary to maintain the srip isolation, the detectors are becoming more and more complex
which would consderably drive up the costs. Furthermore, it is not clear that such a fine pitch
gructure of 25mm we are requiring for layer O is technologically feasible on Ain devices. Exocept
LHCb, which is pursuing a Ain option for its vertex microstrip detector, neither of the other LHC
slicon grip detectors will use n'n and we are considering this technology as too risky for the
tight Run 2B schedule.

In summary, two gpproaches have been successfully explored so far:

Low-resdivity dlicon sensors. Increesing initid donor concentration leads to type
inversion after higher radiation doses, thus dowing the radiation damage.

Oxygenated dlicon. Controlled increase in oxygen concentration dows down the growth
of depletion voltage with irradiation dose.

It is possble to combine both approaches. Both techniques have been trandferred to multiple
slicon vendors.

4.2 Silicon SensorsFor Run 2B
421  Technology choicefor Run 2B D@ SMT

For the congtruction of the Silicon Microstrip Tracker for Run 2B D@ we propose the use of AC-
coupled, single-sided single-metd p* on n-bulk slicon devices with integrated polysilicon
resstors as basdine sensors.  Only bias resstors based on polysilicon are cgpable of sustaining
the high radiation level the Run 2B detector will experience. Either a multiguard dructure (see
Figure 12 a) or a single guard ring structure with a peripheral n-well at the scribing edge (see
Figure 12 b), developed in cooperation with Hamamatsu's design engineers, is necessary to
alow operation at high bias voltages.
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Figure 12. - a) Multiguard ring structure of ELMA prototype sensors. b) Hamamatsu’s sensor
with a single guard ring structure and a peripheral n-well.

We prefer a dlicon microgtrip vendor cgpable of doing multilayered didectric substrates for the
coupling capacitors for mainly two reasons.  First of dl, it will dgnificantly reduce the number
of developing pinholes and therefore shorted capacitors in the detector. Secondly, by using
dlicon nitride (SsN4) in addition to slicon oxide, the coupling capacitor value can be increased
while leaving the thickness of the didlectric substrate congtant.

Oxygenation is consdered as a serious option for the inner layers O and 1 in order to improve the
radiation hardness further.

4.2.2 Sensor geometry

D@ envisons usng 3 sensor types for Run 2B. Ther geometric parameters are summarized in
Table 2.

Table 2. - Geometric parameters of silicon sensors.

Length Width Strip pitch /readout pitch # readout
Layers () () (m) channels # of sensors + spares
0 784 148 25/50 256 144+50%=216
784 24.3 29/58 334 144+50%=216
25 1000 411 30/60 640 1896+20%=2280

All outer layers are congructed from sensors of the same type.  In the specified geometry, two
such sensors can fit on one 6 dlicon wafer.  Unfortunately, 6” technology is not widdy used
among dlicon sensor manufacturers, with only Hamamatsu and Micron Semiconductors having
implemented it successfully so far.  Other vendors continue producing sensors using 47
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technology. It is possible to modify the design to use two 50-mm long sensors, which can fit on
a 4" wafer, ingead of one 100-mm long sensor.  This choice has drawbacks. increased number of
parts, additiond wire-bonding load; increased dead ares; and, most importantly, sSgnificant
increase in cost.

We chose to use sensors 784 mm long for layers 1 and O to minimize occupancy and noise, and
more importantly, to teke advantage of a wider choice of vendors. These sensors can be
fabricated with two LO type sensors or one L1 type sensor on a single 4’ wafer. Since these
sensors will be subject to a very harsh radiation environment, it is criticd to choose a vendor that
can provide radiation-reslient devices.

We plan to use intermediate srips in dl sensors to improve the Sngle hit resolution. A multiple
guard-ring, or Hamamatsu-style guard-ring, dructure is necessary to ensure high breskdown
voltage. This structure occupies 1-mm wide area on each edge of a glicon sensor.

4.3 Radiation Environment And Sensor Performance

Performance of dlicon sensors depends on factors such as irradiation dose, operating
temperature, and duration of shutdowns.

We use the following estimates for the charged particle and neutron fluences °:

_1.17520"
=
F,=18x0°cm?/pb*

Fa cm ?/pb™t

where r is the perpendicular distance to the beam line in cm. The charged paticle fluence was
assumed to be composed of 64% pions and 36% protons.

An independent sudy of particle fluences in D@ was adso caried out in ref. 6 based on a
amulaion employing the DTUJET event generator and a GEANT/CALOR smulation of the D@
detector, hadronic interactions, and secondary particle production. In comparison with the
fluences used here, ref. 6 found a smilar neutron fluence, but found a charged particle fluence
about a factor of two lower. However, to be conservative, we do not reduce our charged-fluence
estimate. We assume 2.8 fb™* of integrated luminosity in the first year of operation and 4 fb™ in
each of the following years'.

Operding temperature is another important factor affecting the detector performance in the high
radiation environment. The choice of operating temperature depends on detector characteritics,
electronics design, and mechanicd and cooling condraints.  Operating the detector near its room
temperature assembly environment minimizes mechanica dresses. Very low  temperature
operation implies exotic coolants and/or large cooling passages as well as good therma contact
everywhere.  The find choice of —10 degree C operating temperature is a compromise between
detector operating voltage, sgnd to noise ratio, and mechanica and cooling congraints.
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We adso assume a 4-week maintenance period a room temperature a the end of each year.
Detector annealing and radiation damage parameters are taken from Rose collaboration data’.

The resulting depletion voltage as a function of operating temperaiure for the layer 0 sensors is
shownin Figure 13.

Run2b Depletion Voltage
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Figure 13. - Depletion voltage for layer 0 sensors as a function of weeks in Run 2B. Two hundred
weeks corresponds to an integrated luminosity of 14.6 fb-1 and a dose of 15 Mrad.

Temperature effects of reverse anneding tend to saturate below -5 degrees C and increase
rgpidly above +10 degrees C. It is quite important to keep the maintenance periods to a
minimum. There is a wide varidion in reverse anneding parameters among manufacturers who
do not use oxygenated slicon. We fed that it is important to irradiate samples of detectors used
in Run 2B to verify that the damage response is consstent with operation to 15 Mrad. The inner
layer detectors will be specified to operate at 700 V. Operating the inner layer below —5 degrees
will give us adequate operating voltage performance for detectors with reverse anneding
characteristics of oxygenated dlicon. Our —10 degree C design should accommodate production
variations among sensors and provide a reasonable operating margin.

For the outer layers we hope to minimize the mass and simplify the design of the bias circuitry
by limiting the operating voltage of these layers to ~300 V. Figure 14 indicates that depletion
voltage performance a or bedow -5 degrees C is saidfactory for al layers with oxygenated
silicon and for layers 2-5 (R>5cm) for any silicon variety.
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Depletion Voltage at -5 deg c
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Figure 14. - Depletion voltage as a function of radial position.

According to these estimates layer 1 and the outer-layer sensors will be adle to easly withgand a
radiation dose equivaent to 20 fbl. The depletion voltage in layer 0 sensors is expected to reach
600V after 15 fb'. As we pointed out earlier, oxygenaion is esentid to dow down the
depletion voltage growth after type inverson occurs. In addition, reduced temperature during
maintenance periods will provide Sgnificantly grester longevity.

Signd to noise ratio (SN) is an important parameter that ultimately limits the detector lifetime.
Based on previous sudies and CDF experience in Run 1, SIN dats affecting b-tagging
efficiency when it goes below 58. Our design godl is to keep the S/N above 10.

In our dgnd-to-noise (S/N) estimates we assume that sensors can be fully depleted and that one

MIP produces 23,000 € in 300 mm silicon. We have considered severd contributions to the total
noise:

Noise due to load capacitance of the analog cable (0.35 pF/cm) and detector (1.2 pF/cm),
parameterized as 450+43C(pF/cm) based on SV X4 chip specifications.

Noise due to the series resistance of the analog cable
Shot noise from detector leakage current
Therma noise due to the finite value of the bias resstor (~200€).
Shot noise and series noise are temperature dependent and can be minimized by running a low

temperature. Figure 15 shows the tota noise for layer O sensors as a function of temperature for
vaious lengths of andog flex cable  Operation below -5 degrees C provides satisfactory
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performance. Desgn for —10 degree C operation will provide operationd margin if thermd
contacts or coolant flows are not as expected.

Inner Layer S/N vs Temperature at 15 Mrad
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Figure 15. - Inner layer signal/noise ratio as a function of operating temperature for various
analog cablelengths.
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S/N for different lodder lengths, 450+ 43«C,(pF /cm)+shot noise
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Figure 16. - Sgnal to noiseratio as a function of radius for different running temperatures and
sensor length. In each plot, the solid curve corresponds to exposures of 5 fb ™, dashed —to 10 fb™*
and dotted - to 20 fb™.

Figure 16 shows SN behavior as a function of radid podtion of the sensors. For 8 cm long
sensors used in layers 0 and 1, the SN is greater than 10 after 20 fb™t, if the running temperature
isbdow -5°C. In layers 2 through 5 modules are constructed of one or two 10 cm long sensors.
Modules with one sensor provide very robust S/N above 15. For two-sensor long modules (20
cm) the S/N can be kept above 10.

In summary, based on our esimations of depletion voltage and SN we have aufficient safety
margin in Run 2B. To veify our predictions we have tested slicon sensors from severd
potentia Run 2B vendors at the RDF facility in the Fermilab Booder.
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4.4 Radiation Testing Of Silicon Sensors
441 RDF

Radiation tests described here were carried out a the RDF facility in the Fermilab Booster. The
facility provides 8 GeV protons for various irradiation sudies. The beam is ~0.5 mm in radius
and is typicdly >3x10" protons per pulse, with a typicd repetition rate of one pulse/3 sec.
Beam flux is measured by a toroid and confirmed by irradiation of duminum foils. Detectors are
mounted in a cold box, which mantains detector temperature & 5 degree C and dlows for
detector bias and monitoring. The box is in turn mounted on a xy table which scans the detector
assembly through the beam; insuring uniform irradiation.

Irradiation typicaly takes one shift. This intense irradiation can leave a subgtantid charge in the
oxide and on detector surfaces. Detectors are then left at 5 degrees C to “cool down” and annedl
for ~1 week before testing.

4472 Run 2A detector irradiation studies

To understand the expected lifetime of the Run 2A detector we peformed a series of
measurements with spare or grade B modules. We used 3 different ladder/wedge types of
double-sided detectors and one type of single sided detector. All detectors are processed on n
type bulk slicon materid with a typica thickness of 300mm with integrated AC coupling and
polyslicon bias ressors. The double-sided ladders had either 6, 9 or 14 readout chips on the
ther front end hybrid, which was directly glued on the dlicon. The 6-chip detector is
manufactured on a 6’-wafer technology and has 90° stereo grips on the n-side.  The 9-chip
detector is a stereo detector with a smdl angle view of 2. The 14-chip module is a double-sided
wedge-shaped detector with varying strip length and angle of £15° on both sides.

The lifetime of the Run 2A detectors is likely to be determined by the limited voltage that can be
applied across the AC coupling capacitors. These capacitors break down near 150 V and can
only be safely operated to ~100 V. Thus, with split bias we expect to be limited to a total bias of
200 V. In addition during ladder testing we found that the Micron detectors are subject to
microdischarge breakdown on the junction sde. The breakdown voltage varies on a detector-to-
detector bass but can limit the junction sde bias to as low as 10 V. This effect switches Sdes
upon type inverson and is partidly mitigated on the n Sde by compensating effects of oxide
charge.

In order to characterize the performance of the irradiated detectors and to understand ther
behavior after irradiation the following measurements have been carried out:

leakage current measurements
depletion voltage determination
average noise determination
number of noisy channds
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Depletion voltage was measured by measuring the response to a 1064 nm laser, noise and current
measurements were performed using our standard set of detector burn-in tests.

Vdep(dose) @ 9407
—~ 9439
)
\g/ _ FW-239
a L
o - X @ 3382
S 200 [
- 3482
C X * ¢
150 [ * ° X 6418
N n i
r [ J
100 [ X i [ ]
- [}
o: X 3
i .
0 1 1 1 1 1
0 0.5 1 15 2 25
Accumulated dose (Mrad) 1Mrad=3.3*E13 protons

Figure 17. - Depletion voltage as a function of accumulated dose. Detector types 9xxx-layers 2,4,
FWhoo-F wedge; 3xxx layers 1,3 barrels 1 and 6 (single sided); 6xxx —layers 1 and 3 barrels 2-5
(double sided double metal)

Figure 17 shows our results for depletion voltage. With the exception of the double sided double
metal (DSDM) devices dl detectors perform as expected. The DSDM detectors seem to have a
depletion voltage a 1.5 Mrad dmogt a factor of two higher than other devices. Since these
detectors are & the inner radius of the dlicon detector they will limit the lifetime of the tracker.
The cause of this effect is not understood. All detectors were exposed a the same time and
tested with identica setups. It is possble that the DSDM detectors are more susceptible to
asurface charge than ampler devices We are planning to perform an additiond irradiation with
test dtructures to try to understand if this effect is due to bulk silicon properties or an effect of the
fabrication.

Figure 18 and Figure 19 show the noise in the ladders as a function of dose as measured in the
burn-in test a 3 deg C. The most probable pulse height for a MIP is ~26 ADC counts. The
contribution from shot noise is ~0.8 ADC counts a 2.1 Mrad. In generd the noise rises from
1.5-2.0 counts to ~3 counts, giving a worst-case sgnd/noise ratio of 9:1. The DSDM detector
(6418) has additionad noise which rises to 5 counts on the nsde a 2.1 Mrad. This is due to the
onset of microdischarge on the n Side of this ladder.
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Figure 18 Noise in n-side of Run 2A ladders as a function of radiation dose.
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Figure 19. - Noisein p-side of Run 2A |adders as a function of radiation dose.
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443 Run 2B detector irradiation studies

We have performed a set of irradiation studies on single sided detectors of the type to be used for
Run 2B. The detectors used were either CDF layer 00 devices (Hamamatsu, Micron, ST) or
prototypes specificaly for D@ (ELMA). Two Micron detectors were oxygenated, the ELMA
devices were aso oxygenated, but & a level too low to affect the depletion voltage. These
detectors were exposed to 5, 10 and 15 Mrad doses. We measured depletion voltage and leakage
current after each exposure.

Depletion voltage vs dose
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Figure 20. - Depletion voltage as a function of irradation for Run 2B detectors.

Fgure 20 shows the measured depletion voltage as a function of dose. The depletion voltage is
estimated from the plateau of the detector response to a 1064 nm laser and has ~20% errors. The
devices behave roughly as expected, dthough there is a consderable spread in the depletion
voltage a 15 Mrad. The ELMA detectors, which are fabricated using non-oxygenated slicon
with a crystd orientation of <111>, have the worst behavior. The spread in depletion voltage is
condgent with the variations among dlicon types and manufacturers observed by LHC
experiments.
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Comparison (10 Mrad, -12 C and 11 C)
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Figure 21. - Leakage currents at + 11 and—12 degrees C after 10 Mrad.

Leskage currents for al devices, presented in Figure 21, were found to be consgtent with the
usud 3 x10'7 A/en? damage constant. The breskdown voltage depends on operaing
temperature as well as anneding time after the intense irradiation. None of the devices showed
breakdown before full depletion under laser test conditions (near +10 deg C). Additiond
operating margin is available a our expected operating temperature of —10 deg C.

The results of these studies give us confidence that we can build a detector which can operate to
15 fb! and beyond. We plan to irradiate samples of prototype and production detectors to
confirm their perfformance.  We dso expect to irradiate ladders bonded to SVX4 chips to
measure ladder noise performance after irradiation.

45 Conclusion

The high integrated luminogity of Run 2B will necessarily result in a particulaly harsh radiation
environment.  Rdiable operaion of glicon sensors in such conditions is crucid to the
experiments success. We were guided in our design and technology choice by our experience in
Run 2A detector condruction as wedl as by recent advancements in radiation hard sSlicon
technology motivated primarily by the needs of LHC experiments. In Run 2B D@ plans to use
only dngle-sded sngle-metd dlicon sensors, limiting them to only 3 types. Our estimates,
supported by the results of the irradiation tests, show that these sensors will be able to withstand
the radiation dose equivdent to 15 fb! with sgnificant sfety margn in layers 1-5.  Depletion
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voltage in Layer 0 sensors might exceed 700V after 15 fbl. Oxygenation of these sensors is
expected to dow down the depletion voltage growth &fter the type inverson. Further R&D
studies are needed to confirm this gpproach.

1 'S Brabat e d., Invesigation of design parameters and choice of substrate resistivity and
cysa orientation for the CMS dlicon microstrip detector, The CMS Experiment, CMS Note
2000/011.

2 A. Bischoff et d., Breskdown protection and long term stabilization for S-detectors, Nudl.
Instr. & Meths. A326 (1993)27-37.

3 RD20 collaboration, “"Radiation damage studies of fidd plae and p-stop n-side slicon
microgtrip detectors’, Nucl. Instr. & Meths. A362 (1995) 297-314, 1995.

* Rose Collaboration, Nudl. Ingtr. & Meth. in Phys. Res. A466 (2001) 308-326

® J. Ellison and A. Heinson, “Effects of Radiation Damage on the D@ Silicon Tracker”, D@ Note
2679 (July 1995).

® E. Shabdlina and V. Sirotenko, “Radiation Damage Effects on the Forward Hdisks of the D@
Silicon Tracker”, D@ Note 2800 (November 1995).

! http://cosmo.fna .gov/run2b/Documents/riibshort.pdf “ Plans for Runllb”.

8 J. Albert e d. " The rdationship between signa-to-noise ratio and btag efficiency. CDF Note
#3338.
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CHAPTER 5- MECHANICAL DESIGN, STRUCTURES,
AND INFRASTRUCTURE

51 Overview

The mechanicd design of the Run 2B dlicon deector is chdlenging. It must saisfy drict
requirements on materid mass, on precison of condruction and pogtioning, it must alow for
ggnal readout and cooling of the detectors, and must satify overdl sze condraints imposed by
the need to inddl the detector from the limited space between the caorimeter cryodtats. In order
to meet the latter requirement, the slicon for Run 2B will be divided about z = O into identica
north and south barrd assemblies  That divison addresses the limited indalation space
avalable after the end caorimeters have been opened 39" and dlows a net length of glicon
associated dtructures to exceed the 52 that would otherwise be available.  Fina connections
between north and south assemblies will be made via reproducible bal mounts during
inddlation at D@. Teding and experience with the Run 2A slicon (which is dso split & z = 0)
demonstrated thet a reproducibility of 2 nm is achieved with such bal mounts.

Each assembly comprises six dlicon layers and is subdivided into an inner barrd with layers G1
and an outer barrel with layers 25. Inner and outer barrels will be fabricated individudly, mated
a SDet to form ether a north or a south barrd assembly, and brought to D@ as a completed,
tested assembly. The inner diameter of those assemblies adlows inddlation of a 1" outsde
diameter beryllium beam pipe through the glicon region after the barrd assemblies are in place
at DJ. Fgure 22 shows aplan view of the detector while Figure 23 shows an axid view.

In each of the north and south barrd assemblies, a double-wadled cylinder, which is integrd with
the outer barre, positions and supports a thin (~0.5 mm) carbon fiber reinforced epoxy (CFRE)
dliconpostioning membrane near z = 0 and a thicker (~1 mm) CFRE outer slicon-paostioning
bulkhead at either z = £500 mm or z = +600 mm. Studies of coordinate measuring machine
(CMM) capabilities and dructura  deflections will ad in determining which location for the
outer bulkhead is better. In ether case, a reproducible bal mount connection will be made
between the support cylinder of the outer bare and an additiond cylinder extending from the
outer postioning bulkhead to the end of fiber tracker bare 1. The additiond cylinder dlows
better access for precison CMM measurements of silicon positions and better access for work on
the ends of dglicon sub-assemblies  After dl assemblies ae in place and dl mechanica
connections are completed, the equivdent of a sngle 356 mm outsde diameter support cylinder
will extend ~1650 mm from one end of fiber tracker barrel 1 to the other.

Slicon sensors of the inner barrd, layers 0 and 1, are mounted on facets of quas-polygond
cylindrical gructures amilar to the one used in Run 2A for CDF layer 00. All inner bard
sensors will be placed so that their traces are axid. The inner barrd is supported by the slicort
positioning membrane and by the sliconpostioning bulkhead of the outer barrd.  Silicon of the
outer barel, layers 2-5, is contaned in 84 daves, which are supported from the slicon
postioning membrane and the outer slicon-pogtioning bulkhead of the bard. In order to
provide azimuthd overlgp between sensors, each dlicon layer will be divided into inner and
outer sub-layers "d' and "b". Each of the saves of the outer barrd will contain a st of sensors
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oriented so that their traces are axia and a set of sensors oriented to provide smal angle stereo
information. Table 3 givestheradii, lengths, and number of phi segments for the detector.
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Figure 22 - Plan view of the silicon tracker within the fiber tracker. The silicon tracker is divided
into north and south assemblies about z= 0. For each of the assemblies, layers 0-1 and layers 25
are fabricated as separate mechanical structures and mated at SDet. To facilitate CMM
measurements, only the portion of the support cylinder fromz = 0 to z= 600 mm will be present
during layer 2-5 stave installation and mating with layers 0-1. Coolant distribution bulkheads,
coolant connecting tubing, and extension cylinderswill be added when that work iscomplete. The
lengths of the north and south assemblies match those of the Run 2A central silicon and utilize the
Run 2A mounts on the ends of the fiber tracker. North and south assemblies will be joined during
installation at D to form a full-length structure designed for support only at its ends Lengths of
layers have been chosen to provide good acceptance for high p physicstaking into account the
expected length of the luminous region. The silicon of layers 2-5 is shown at the central radii of
sensors. CFRE, hybrid, and cooling structures of staves are not shown. In all staves, those
structures extend to the z = 600 mm positioning bulkhead. In layers 2-3, only a portion of the
stave length is populated with silicon.
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Table 3 - Silicon geometric parameters of a barrel assembly (units = mm)

Layer Oa Ob la 1b 2a 2b 3a 3b 4a 4b 5a 5b
R axial 18.6 24.8 348 39.0 532 68.9 89.3 1034 116.9 130.6 150.1 163.6
R stereo - - - - 56.3 720 86.2 100.3 120.0 133.7 147.0 160.5
Length(2) 475 475 475 475 501 501 501 501 601 601 601 601
#Phi 6 6 6 6 6 6 9 9 12 12 15 15

Support Cylinder

Leayer =5 Inn=r Cylinder

Beam Tuba Flange

Beom Tuba Wall

Stawa Poaticning Bulkhaad

=

Figure 23 - End view of the layer 0-1 module, layer 2-5 staves and the outer silicon-positioning
bulkhead. Silicon radii and sensor widths have been chosen to provide >99% r-phi geometric
acceptance for tracks of pr > 1.5 GeV/c originating within 2 mm of the nominal beamline. The
design of the layer 01 and layer 25 assemblies allows removal of layers 0-1 at D@ and
replacement with good precision. Theinner diameter of layer 0 has been chosen to permit beam
pipeinstallation after all siliconisin place at D@.
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5.2 Overall Support Structure

The main dructurd components must provide accurate, stable pogtioning of both the inner and
outer detector dements. The main components are a double-waled carbon fiber cylinder that
resdes outsde the outermost dlicon layer and a st of bulkheads that provide the precison
mounting points for the outer layer daves and the inner layer sub-assemblies.  The detals of
these components and the aignment congraints are provided in the following sub-sections.

521 Outer support cylinders, stave positioning bulkheads, and z = 0
membranes

The desgn of the 356 mm outside diameter support cylinders is based upon that of the 306 mm
outdde diameter cylinders of Run 2A. Each cylinder will have inner and outer CFRE wadls
~0.56 mm thick separated by CFRE "ribs' ~0.40 mm thick. Seven or more layers of flame
retardant free, high modulus (>90 MSl), unidirectiond fiber prepreg will be used for the shels
and sx or more layers for the ribs. The number of layers will depend upon the thickness of the
high modulus materiad which is avalable.  Individud CFRE pieces ae cured a eevated
temperature and then bonded to one another a room temperature with epoxy. Based upon the
peformance of the Run 2A cylinders, beam deflection should be less than 40 mm over a length
of 1650 mm. Compensation for that deflection can be made by offsgting either the z = 0
positioning membranes or the outer postioning bulkheads when they are glued to the cylinder.
The ribs, end rings, membranes, and bulkheads diffen the completed Structure againgt out-of-
round distortions. Based upon performance of Run 2A cylinders before openings were cut for
glicon inddldion, out-of-round distortions should be minima. However, prototypes will need
to be fabricated and measured to verify beam and out-of-round deflections. Mandrels of
appropriate diameter and cylindricity, gppropriate fixturing for gluing operaions, an oven, and a
aufficiently lage CMM will be needed. We anticipate that the mgority of the cylinder
fabrication would be done in Lab 3, but CMM measurements might be done at SiDet.

The CFRE dgave-pogtioning bulkhead will be made of multiple layers of flame-retardant-free,
high modulus (>90 MSI), unidirectiond fiber prepreg with an eevated temperature cure.  To
match the ~0.75 mm thickness of stave locating bearings, the bulkheads are expected to be 1 mm
thick. Openings in the bulkheads are intended to match stave profiles, including cables, and to
provide 0.5 mm clearance about the full save periphery. Staves will be ingtdled through the
openings and located by pins which engage locating bearings glued into the bulkhead. We plan
to cut overszed openings for the bearings and to locate the bearings using high-precison
fixturing as they are glued into place. The intent is to place the stave locating bearings and the
dave pins which egage them wdl enough to dlow interchangegbility among daves.
Arrangements have been made with Lab 8 to begin cutting save and bearing openings in a
prototype postioning bulkhead to provide a generd test of this stave postioning concept Fgure
24). The CFRE materid that was provided to Lab 8 has a high modulus but contains flame
retardant, so the resultant piece will be used for test purposes only.
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Figure 24 - Cut profile supplied to Lab 8 for a prototype positioning bulkhead. The profile of a
stave opening is shown on the right; the locations of openings are shown on the left.

The CFRE z = 0 membrane will be made of multiple layers of flame retardant free, high modulus
(>90 MSl), unidirectiond fiber prepreg with an elevated temperature cure. In principle, the
membrane could be a full disk with an opening for the beam pipe, since staves do not pass
through it. In practice, openings will be cut in the membrane to reduce materiad. A design for
the openings remains to be deveoped. Bearings will be glued into overszed openings in the
membrane to engage dave-postioning pins.  Locd renforcement will be provided a each
bearing location. A precison fixture will be used to podtion bearings as they are glued into
place.

CFRE end rings for each cylinder include sockets of the bal mounts and festures to dlow one
cylinder to be securely coupled to the next. Based upon Run 2A experience, twelve bal mounts,
evenly space in azimuth, should be sufficient per end ring. Screws or studs through the bdls will
be used to couple cylinders. Openings through the outer wadls of cylinders, with suitable
reinforcement, will provide access to ingdl and tighten fageners. The end rings will be made of
mutiple layers of flame retardant free, high modulus (>90 MSI), unidirectiond fiber prepreg
with an elevated temperature cure. Precison jig plaies will be used to postion the bal mount

openings.

A CMM will be needed as pieces of cylinder assemblies are glued to one another in order to
edablish cdockings and offsets.  Whenever practicd, end rings will be mated during the gluing
process. A full procedure for establishing end ring clockings and offsets remans to be
developed. In generd, we plan to employ ruby or sgpphire bals as reference features for CMM
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touch probe measurements. Postions of stave locating features can be measured in a coordinate
system established by these reference features.

52.2  Alignment precision and survey accuracy

All dignment congtants, both at the trigger level and offline, assume tha the slicon sensors are
perfect planes. Six congants are used, three offsets used to define the postion of the center of
the sensor and three Euler angles used to define the rotations of the sensor about that center.
Survey data taken during assembly, or obtained from offline aignment with tracks, can be used
to determine the dignment congants for the tracker. No red-time dignment condants are
avalable 0 it is criticd for the trigger that the detector be stable over time scales of weeks to
months.

It is important to make a clear distinction between the precison required for the placement of the
sensors and the required survey accuracy.  The physcd dignment precison for the sensors is
determined primarily by the requirements of the impact parameter trigger, which is used to
identify events with tracks originaing from the decay of heavy quarks outsde the beam spot.
Having satisfied these condraints, other congderations, such as having tractable offline
dignment condants, are ds0 sdtisfied. The survey accuracy, whether done using optica or
mechanica survey on the bench, or usng tracks in situ, should have accuracy on the scde of the

intringc device resolution (»8mtransverse to the sensor strips).

No dereo information is available at the trigger level so the trigger is most sengtive to rotations
about the two axes transverse to the beam line (pitch and yaw) tha result in Z-dependent kf
erors. Deviations from planarity are dso important, both a the trigger leve and for the offline
andyses snce these are not corrected for. The figure of merit for location of sensors is that,
relative to the beam spot Sze, the errors introduced have a smdl effect on the impact parameter
resolution. For a rotation about an axis perpendicular to the plane of the sensors (yaw), the
desred dignment tolerance is <10m over the length of a readout segment. The pitch angle
affects girips at the edges of the sensors, but not at the center. For a radid deviation dR a an
agle f from the center of the sensor, the transverse measurement error dX is given by
dX=dRtanf . Locd radiad displacements due to a lack of sensor flatness contribute in the same
way as an overdl pitch of the sensor. Again, the desired tolerance is dX<10mwithin a readout
segment.

5.3 Layer 0-1 Silicon Mechanical Support Structure

531 I ntroduction

The Layer 0 and 1 slicon support structures described in this TDR are carbon fiber structures
with esch layer conadting of an inner and outer carbon fiber shel, with graphite foam and/or
pyrolytic graphic that transfers heet to the cooling tubes inserted between the inner and outer
layers. Our conceptuad design borrows heavily from the CDF inner sllicon support structure that
is dso made from carbon fiber composte. We are currently exploring two fabrication processes,
the RTM (Resn Transfer Molding) process or the use of unidirectional pre-preg materias. We
h